We announce NP-hardness of the minimum latency scheduling (MLS) problem under the physical model of wireless networking. In this model a transmission is received successfully if the Signal to Interference-plus-Noise Ratio (SINR), is above a given threshold. In the MLS problem, the goal is to assign a time slot and power level to each transmission, so that all the messages are received successfully, and the number of distinct times slots is minimized.
INTRODUCTION
In this announcement, we report NP-hardness for the minimum latency scheduling (MLS) problem in wireless networking, where we have nodes in a network, embedded in the Euclidean plane, seeking to send messages to each other in the physical model of wireless communication. For every message, a time slot and a power level has to be chosen. A message is received successfully if the transmission meets a Signal to Interference-plus-Noise Ratio (SINR) requirement. The objective of the problem is to minimize the number of time slots that are used to send all messages successfully. The hardness of the MLS problem with unrestricted power levels remained open since the work of [4] , and was mentioned prominently in a survey paper by Locher, Rickenbach, and Wattenhofer [9] . We report that the MLS problem is NP-hard when arbitrary power levels can be chosen for the transmissions, and the nodes are known to be placed in the Euclidean plane, for all path loss exponent values α ≥ 3. The path loss exponent controls how quickly the signal of each message decays over a distance, and in practice α ≥ 2 generally. Our hardness result also shows the MLS problem is NP-hard to approximate within a multiplicative factor better than 4 3 . The physical model was first introduced in a seminal paper by Gupta and Kumar [5] . There has been much previous work on the problem of scheduling and choosing power levels to send messages in the physical model of wireless networking, and several hardness results [4, 1, 6, 3, 7] have been proven for this problem in various settings under differing assumptions. In this work, we consider the case when the nodes are known to be placed in the Euclidean plane, and the power levels can be chosen arbitrarily. This models practical situations in which sensors are deployed in a 2-dimensional area, such as in a field to monitor weather conditions, or along roads to monitor traffic conditions. Katz, Völker, and Wagner [6] show that the MLS problem of scheduling and choosing transmission powers is NP-hard if the network is embedded in the Euclidean plane and there are known upper and lower bounds on the power levels that can be used. Their proof also shows that if there are only a finite set of transmission powers that can be chosen, then this problem is also NP-hard. However, it has remained an open question whether or not this problem is NP-hard when the nodes are in the Euclidean plane and arbitrary power levels can be chosen.
The distinction between the two problems can be thought of as follows. The work of Katz, Völker, and Wagner [6] is applicable in the setting in which we want to schedule messages on sensors that have already been built, as these sensors will naturally have an upper and lower bound on their allowable transmission powers due to hardware or software limitations. The setting we consider is more general and includes the case in which it is possible to design the sensors and choose arbitrary power levels at which they can transmit, so as to maximize the number of transmissions that can be sent in a given time period and minimize the total number of time periods that are needed to send a certain set of messages. Despite its seeming simplicity, the hardness of this problem has remained open and was featured prominently as an open question in [9] .
The best algorithm for the MLS problem with arbitrary power levels is due to Kesselheim [8] , who gives an O(log 2 n)-approximation algorithm for the MLS problem in general metrics, and an O(log n)-approximation for fading metrics.
HIGH LEVEL OVERVIEW OF THE RE-DUCTION
We show that the minimum latency scheduling problem is NP-hard, by reducing the 3-coloring problem of planar 4-regular graphs to it, which was shown to be NP-hard by Dailey [2] . In the 3-coloring problem on planar 4-regular graphs, we are given a planar graph G = (V, E) of degree 4, and we want to determine whether there is a proper coloring of the nodes of G that uses only 3 colors. We can assume that the graph is given as an orthogonal grid graph, which is a graph drawn in the plane with all nodes placed at grid intersection points, and all edges drawn along grid lines without any edge crossings, but edges may bend at grid intersection points. This coloring problem on an orthogonal grid graph is also NP-hard because Shiloach [10] and Valiant [11] show that any planar G of degree at most 4 can be drawn as an orthogonal grid graph in an area of size at most O(|V | 2 ). In the reduction, we set the noise parameter nv = 0 for all nodes v, thus proving that this problem is NP-hard for nodes placed in the Euclidean plane, even if there is no background noise. Note that this "no noise" assumption only makes the reduction harder as the MLS problem with noise is a more general problem with a noise parameter nv ≥ 0 for each node v. Thus, our result also shows the MLS problem with noise is NP-hard. Additionally, we will set the signal to noise threshold value βv = 1 for each node v. When nv = 0 and βv = 1 for all nodes v, the SINR inequality simply requires that the signal be larger than the interference for a message to be successfully transmitted.
We construct an MLS instance whose transmissions can be completely scheduled in 3 rounds if and only if G is 3-colorable. The main difficulty to overcome in this reduction compared to previous hardness results is that we have no bounds on the power levels. This means that only the layout of the nodes can be used to make sure a feasible three-round schedule corresponds to a feasible solution of the problem we reduce from. The messages constructed in our reduction will correspond to coloring nodes certain colors in each round, and the key insight to making this idea work is ensuring that certain messages cannot be transmitted at the same time based only on the locations of their source and destination nodes. If an edge {u, v} exists in the coloring instance, we ensure that the messages that correspond to coloring u red and coloring v red cannot be transmitted at the same time, so that a feasible 3 round solution for the MLS problem can be used to construct a solution for the 3 coloring problem. A careful analysis shows that our reduction works for all path loss exponents α ≥ 3.
OPEN QUESTIONS
It is an interesting open question to show NP-hardness for α arbitrary close to 2 and without any restrictions on the power levels used. For α arbitrarily close to 2, we are not sure whether our reduction can be used. We have an NP-hardness result for the case where the parameter α can have any arbitrary value, but then we need the additional assumption that there is a maximum power level for the transmissions, and in the reduction we make use of the noise parameter. This result is also stronger than what was known previously, since [6] for example, requires both an upper and lower bound on the power levels.
Another interesting open question is whether there exists an O(1)-approximation algorithm for this problem, or if the hardness result can be improved to show that the MLS problem is hard to approximate better than O(log n) to match the best known approximation algorithm. We also do not know whether it is harder to approximate this problem with or without power restrictions. Finally, we would like to note that the hardness result here holds for centralized algorithms, and therefore also for distributed algorithms. Another important problem is to find a good distributed algorithm for this problem. A full version of our paper is available at http://arxiv.org/abs/1203.2725 .
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